During the summer months at the U.S. Army Test and Evaluation Command's (ATEC) White Sands Missile Range (WSMR), forecasting thunderstorm activity is one of the primary duties of the range forecasters. The safety of personnel working on the range and the protection of expensive test equipment depend critically on the quality of forecasts of thunderstorms and associated hazards, including cloud-toground lightning, hail, strong winds, heavy rainfall, flash flooding, and tornadoes. The National Center for Atmospheric Research (NCAR) Auto-Nowcast (ANC) system is one of the key forecast tools in the ATEC Four-Dimensional Weather System (4DWX) at WSMR, where its purpose is to aid WSMR meteorologists in their mission of very short term thunderstorm forecasting. Besides monitoring the weather activity throughout the region and warning personnel of potentially hazardous thunderstorms, forecasters play a key role in assisting with the day-to-day planning of test operations on the range by providing guidance with regard to weather conditions favorable to testing. Moreover, based on climatological information about the local weather conditions, forecasters advise their range customers about scheduling tests at WSMR months in advance. This paper reviews the NCAR ANC system, provides examples of the ANC system's use in thunderstorm forecasting, and describes climatological analyses of WSMR summertime thunderstorm activity relevant for long-range planning of tests. The climatological analysis illustrates that radar-detected convective cells with reflectivity of Ն35 dBZ at WSMR are 1) short lived, with 76% having lifetimes of less than 30 min; 2) small, with 67% occupying areas of less than 25 km 2 ; 3) slow moving, with 79% exhibiting speeds of less than 4 m s Ϫ1 ; 4) moderately intense, with 80% showing reflectivities in excess of 40 dBZ; and 5) deep, with 80% of the storms reaching far enough above the freezing level to be capable of generating lightning.
Introduction
The White Sands Missile Range (WSMR) of the U.S. Army Test and Evaluation Command (ATEC) is located in southern New Mexico, primarily in the Tularosa Valley between the Sacramento Mountains to the east and the San Andres and Organ Mountains to the west (Fig. 1) . The range extends well into the mountains to the west of the valley. Matériel tested at WSMR includes missiles, rockets, bombs, lasers, and artillery. Weather hazards that adversely affect materiel tests on the range, as well as the commute to and from WSMR, include lightning, hail, strong winds, heavy rainfall, flash floods, and tornadoes. Safety regulations require that all range activities, especially those involving explosives, be coordinated with the WSMR meteorology office.
During the summer months, the primary focus of the weather forecasters at WSMR is on thunderstorm activity and the associated hazards. For example, 97% ofsents a potential threat at WSMR. The annual and diurnal cycles of CG lighting activity at WSMR are shown in Fig. 2 , based on 1998-2003 data extracted from the U.S. National Lightning Detection Network (NLDN) database. These results are very similar to what Reap (1986) reported for the western United States, and Ló-pez and Holle (1986) documented for northeastern Colorado. Approximately 30 000 CG lightning strikes may occur within the range boundaries during the summer months of a typical year. Considering a flash-detection efficiency of 85% in this area (Cummins et al. 1998) , the average number of strikes per summer may actually be more like 35 000. Although this number translates into a relatively small probability of lightning striking any particular test site within the range, it needs to be weighed against the dire consequences to personnel if a CG strike did happen near a fueled missile or a stockpile of exposed ammunition. Another significant weather issue for matériel tests at WSMR is the presence of precipitation. For example, rainfall within the line of sight affects the ability of radars to track projectiles. Moreover, expensive optical equipment may need to be covered up to protect it from water damage. Similarly, some missiles must remain dry during the testing period. Heavy rainfall can also become an issue because localized flash flooding is not uncommon. Other weather-related phenomena that may impact tests at WSMR include strong winds, tornadoes, significant wind shear, and cloud cover, especially with low ceilings that reduce visibility. The weather forecasting challenge for meteorologists at WSMR is essentially twofold, namely, providing guidance for both tactical (i.e., near term) and strategic (i.e., long range) decisions (see also Liu et al. 2008a) . Ensuring the safety of personnel is the primary focus of very short term, 0-2-h weather forecasting (i.e., nowcasting). Another important aspect of nowcasting is to help range customers make efficient use of the time they have for testing on the range by minimizing periods of weather-related downtime. In addition, forecasters also assist their range customers in scheduling tests at WSMR months in advance, which requires providing climatological information about the local weather conditions. The nowcasting procedures are discussed in section 2, and section 3 elaborates on climatological analyses relevant for test planning purposes at WSMR. A summary is provided in section 4.
Nowcasting of thunderstorms

a. The need for thunderstorm nowcasts at WSMR
Range meteorologists at WSMR assist with the dayto-day planning of tests, and provide guidance to range customers on when to expect favorable weather conditions. The main weather concern for operational system tests is the safety of personnel conducting the tests and the protection of expensive equipment from potential damage. Range meteorologists issue forecasts, and warnings when necessary, for specific test locations as well as to support routine range operations and the work force's commute. For forecasts with very short lead times (0-30 min), the primary tool the range forecasters utilize is the Auto-Nowcast system (ANC; Mueller et al. 2003) developed at the National Center for Atmospheric Research (NCAR). Forecasts with longer lead times out to 24 h are generally made with the assistance of numerical model output from the ATEC Real-Time Four-Dimensional Data Assimilation (RTFDDA) system (Liu et al. 2006 (Liu et al. , 2008a . The meteorological support typically encompasses both the actual period of a test, and the time when equipment is being set up or disassembled. The countdown for test missions will be put on hold if lightning is within about 8 km of a test site. Once lightning is observed, the critical forecast problem becomes defining when thunderstorms will dissipate or move out of the test area. If the forecast is for continued storms in the area, the test may get canceled and deferred to another day. Given that tests may incur range-use costs of tens of thousands of dollars per day, the expense of an incorrect forecast of thunderstorms can be sizeable (Liu et al. 2008a ). Thus, range meteorologists strive to provide accurate forecasts for sound mission planning, but also to find "windows of opportunity" in an otherwise unfavorable weather day. Saving a mission by being able to advise decision makers about when and where thunderstorm activity is going to occur, or not occur, is of great benefit.
b. Background of the NCAR ANC system
The NCAR ANC system (Mueller et al. 2003 ) is the primary tool used operationally by forecasters for the monitoring and very short-range forecasting (i.e., now- 
casting) of thunderstorm activity at WSMR. The ANC system produces nowcasts of the occurrence of thunderstorms-which in this paper will be defined by radar reflectivities of 35 dBZ or greater 1 -but does not explicitly predict specific thunderstorm hazards (with the exception of the short-term lightning-potential product discussed later). The ANC system is a component of the ATEC Four-Dimensional Weather System (4DWX), which is used by U.S. Army meteorologists to provide overall meteorological support (Liu et al. 2008a,b; Sharman et al. 2008) . Installed in 1997, the WSMR ANC is the longest-operating system of its type. In addition to the WSMR ANC system, full ANC systems have been deployed in operational settings at the Sterling, Virginia, National Weather Service (NWS) Weather Forecast Office (WFO) as part of the System for Convective Analysis and Nowcasting (SCAN) project (Smith et al. 1998) ; at the Dallas-Fort Worth, Texas, NWS WFO ); and at the Australian Bureau of Meteorology office in Sydney in support of the 2000 Olympics (Keenan et al. 2003 (Mueller et al. 2003; Wilson et al. 2004) , but limited or no access to necessary observations (see below) prevents upgrades to full ANC systems at the present time.
The NCAR ANC system, discussed in depth by Mueller et al. (2003) , provides regional analyses and nowcasts of thunderstorm initiation, growth, movement, and decay. The ANC system distinguishes itself from other nowcasting systems that primarily focus on storm extrapolation and trending, in that the ANC system is able to forecast the initiation of new storms (Wilson et al. 1998 ). The ANC is an expert system that is designed to replicate some of the human forecaster's data assessment and forecast decision-making process (albeit without the recognition of time stress)-that is, review and assimilate a wide range of disparate observations and model results within the context of a forecaster's knowledge of how the atmosphere works. This may be particularly beneficial for less-experienced forecasters who have not yet accumulated detailed knowledge of the local climatology, provided that the ANC forecast logic has been properly tuned to the local environment. One important aspect of having the ANC system in the WSMR meteorology office is that it regularly (i.e., with every new radar volume, available about every 6 min) produces a fresh forecast of thunderstorm activity valid for the next 30 min. Forecasters may be preoccupied supporting a test at a specific site on the range, in which case they may rely on the automated system to alert them to changing conditions elsewhere on the range that may also warrant their attention. The ANC utilizes data from radar, satellite, surface stations, soundings, and numerical weather prediction (NWP) models for calculation of predictor fields. These predictor fields provide information about the current storms and environmental conditions, including cumulus cloud detection and vertical development based on satellite data; boundary layer convergence and stability based on radar, surface station, and NWP information; and storm characteristics based on radar data. A fuzzy logic routine (McNeill and Freiberger 1993 ) is used to combine the predictor fields to create automated nowcasts that are issued at regular intervals (typically every 6 min) and that are based on a conceptual understanding of how storms initiate, grow, and dissipate. An important aspect of the ANC is its ability to identify and characterize boundary layer convergence lines. Boundary layer information is used along with storm characteristics to augment simple storm extrapolations, based on cell identification and tracking (Dixon and Wiener 1993) , with nowcasts of storm initiation, growth, and dissipation.
c. An example WSMR nowcast from the ANC system
An example nowcast from the WSMR ANC system, and corresponding verification information, are provided in Fig. 3 . This example illustrates the ANC's ability to forecast thunderstorm initiation, growth, and decay. The ANC forecast process entails two components: an initiation forecast, plus an extrapolation forecast that accounts for growth or decay. In Fig. 3 , the ANC 30-min initiation forecast is shown by the black line, while the storm extrapolation forecast (with trending for growth or decay) is defined by the magenta lines. Areas of observed new storm initiation are indicated by the black arrows, with growth and decay of existing storms labeled G and D, respectively. Figure 3a displays the radar reflectivity at the time the 30-min forecast was made, together with the forecast (black and magenta lines), while the reflectivity at the forecast valid time (i.e., 30 min later) is shown in Fig. 3b . The black lines delineate areas of expected storm initiation, in this particular case associated with an outflow boundary that is propagating from east to west across the WSMR basin. The location of the ANC-forecasted initiation is somewhat offset to the east relative to where storms actually occurred 30 min later, but it provided useful information to range forecasters that new initiation should be expected in that area. Several storms were correctly identified by the ANC to decay (labeled D), as can be recognized based on the (magenta) extrapolation forecast areas of existing storms in Fig. 3a to be either significantly smaller than the FIG. 3 . Storm initiation and extrapolation (trended for growth or decay) forecasts. (a) The radar reflectivity at the time the forecast was made, and (b) the reflectivity at the forecast valid time (i.e., 30 min later). The black lines highlight ANC-diagnosed areas of expected storm initiation during the forecast period, and the magenta lines show forecast outlines of existing storms (i.e., reflectivity Ն35 dBZ ) that underwent trending for growth or decay. Examples of successfully identified storm growth and decay are labeled G and D, respectively. That is, storms in (a) that are predicted to completely dissipate have no corresponding magenta line, and are identified with a D in this figure if they did, indeed, dissipate. The one storm that was predicted to grow in size is labeled with a G because the forecast was correct. New storm initiation is indicated by black arrows. Missed forecasts are marked with an M.
35-dBZ storm region at forecast issue time or entirely missing. An area of properly predicted storm growththat is, the ANC system forecasted increasing spatial extent of Ն35 dBZ reflectivity-is labeled G. Figure 3 also shows a couple of areas (labeled M), where the ANC missed predicting either decaying storms or new storm initiation. This illustrates the inherent difficulty in providing automated, space-and time-specific forecasts of thunderstorms, primarily because of the limited predictability of this phenomenon, the low density of appropriate observations, limitations in our conceptual understanding of processes, and incorrect model physics.
d. The Variational Doppler Radar Analysis System component of the ANC system
The ANC system is unique in its ability to use boundary layer information to capture regions of storm initiation. One of the key tools for mapping boundary layer characteristics is the Variational Doppler Radar Analysis System (VDRAS). VDRAS uses a cloud-scale model with its adjoint to retrieve three-dimensional boundary layer winds and thermodynamic variables from Doppler radars (including wind profilers, if available), surface stations, and sounding data by means of a four-dimensional variational data assimilation (4DVAR) analysis procedure (Sun and Crook 2001) . The VDRAS at WSMR uses data from the Weather Surveillance Radar-1988 Doppler (WSR-88D) at Holloman Air Force Base, New Mexico, and surface mesonet and radiosonde data collected on the range. VDRAS generates high-resolution (grid increments of 2 km in the horizontal and 375 m in the vertical directions) analyses of many fields, including three-dimensional boundary layer winds and relative humidity, approximately every 6 min (i.e., the temporal frequency of radar volume scans) to provide the ANC system with crucial information needed to characterize boundary layer stability and convergence that may lead to new thunderstorm development or decay. For example, areas of low-level convergence associated with outflow boundaries play a very important role in determining where new thunderstorms initiate (Wilson and Mueller 1993) . If these outflow boundaries are moving at about the same speed and in the same direction as the steering level (2-5 km MSL) flow, any storms that develop tend to move with the boundary and continue to intensify. However, storm cells dissipate quickly if the associated boundary moves progressively away, cutting off the moisture inflow (Wilson and Megenhardt 1997) . Figure  4 shows an example from the afternoon of 27 August 2003 of winds analyzed by VDRAS at 187 m above ground (the lowest retrieval level of this particular VDRAS installation), and how they can be used to predict both initiation and decay. The steering-level wind on this particular day was from the ENE and very weak, indicating that convergence boundaries moving toward the ENE will not be conducive for new storm development, whereas boundaries moving to the W or SW would be much more favorable for initiating new storms. Figure 4a presents radar reflectivity and VDRAS-analyzed winds, and Fig. 4b shows the calculated horizontal divergence field at the same level as the depicted winds. The strongest low-level convergence areas are around the existing thunderstorm at the southern end of the WSMR and along a VDRASdiagnosed outflow boundary on the eastern edge of the range. A forecaster provided with these analyses could also use this as a stand-alone tool to diagnose the potential for new storm development in the near future. Indeed, the three storms that developed 30 min after the analysis time (Fig. 4c , black arrows) were located near the areas of low-level convergence diagnosed by VDRAS (Fig. 4b ). An example of how VDRAS can be used to forecast storm dissipation can also be seen here. The existing, nearly stationary storm in the south has produced a circular outflow boundary that moves radially outward from the storm. Around WSMR, storms that are not moving with an associated outflow boundary typically dissipate very quickly, as this one was observed to do. The VDRAS has been employed in several projects during the past few years, and is running robustly to provide smooth real-time analyses in all of the ANC deployments. Although VDRAS is primarily used as a data assimilation and analysis system, it can also be employed as a stand-alone tool for short-term storm forecasting, as shown in Fig. 4 .
e. The Thunderstorm Identification, Tracking, Analysis, and Nowcasting component of the ANC system
The Thunderstorm Identification, Tracking, Analysis, and Nowcasting (TITAN) algorithm (Dixon and Wiener 1993 ) is another key component of the ANC system. TITAN is a real-time algorithm for automated identification, tracking, and extrapolation-based shortterm forecasting of thunderstorms utilizing weather radar data. For each volume scan, defined by the radar scanning strategy, TITAN identifies a "storm" as a contiguous region exceeding tunable thresholds for reflectivity (e.g., 35 dBZ ) and size (either area or volume). A combinatorial optimization scheme is employed to match the storms at one time with those at the following time, and uses geometric logic to deal with mergers and splits. The short-term forecast of both position and size is based on a weighted linear fit to the storm track history data. Storm motion is computed using up to six recent radar volumes-a minimum of two volumes is required to obtain a storm motion vector-with the most recent volumes given more weight. In addition to identification and tracking of storm cells, TITAN also calculates a wide range of storm attributes, including echo area extent and volume, echo top, height of the maximum reflectivity, storm motion (speed and direction), and many others.
TITAN represents a widely used storm identification and tracking system that has been utilized in numerous environments around the world. Because TITAN is a centroid-based cell tracker, it is especially well suited to locations like WSMR where the storms are primarily cellular in nature. The climatological storm characteristics discussed in section 3 are defined using TITAN.
f. Lightning-potential forecasts from the ANC system
A lightning-potential forecast product was added to the ANC system (Saxen 2002 ) to assist range meteorologists in determining whether present storms exhibit characteristics that suggest that they will produce lightning in the near future. The implemented method, which builds upon the works of Hondl and Eilts (1994) and Gremillion and Orville (1999) , utilizes information about reflectivity above the Ϫ10°C level. During the summer months at WSMR, this corresponds to an altitude of approximately 6.5 km above mean sea level (MSL). TITAN is run on the reflectivity field above the Ϫ10°C level to provide information about the 30-dBZ echo volume 3 and its maximum vertical extent (i.e., echo top), the volume growth rate, and the maximum observed reflectivity. This information is then combined with the boundary-relative steering flow by means of a fuzzy logic algorithm. Based on the study of producing storm in the south. The actual locations of lightning strikes observed within 20 min after the forecast issue time have been added to the operational display for purposes of this discussion. The cross section through these storms (Fig. 5b) shows that the storm that did not produce CG lightning happened to be much shallower than the two storms that did produce lightning.
Thunderstorm climatologies for strategic, range operations planning
For long-range scheduling of tests that are sensitive to various aspects of convective weather (e.g., lightning), WSMR meteorologists prefer to be able to visualize climatological information of thunderstorm activity by season, month, time of day, and for specific locations within the range-scientific visualizations are much more convincing to range customers than words. The thunderstorm climatologies presented here enable the range forecasters to provide meaningful guidance to customers seeking to schedule tests at WSMR such that the risk of encountering thunderstorms during the planned tests is minimized. This sort of planning generally takes place months in advance of when the test will actually be conducted.
a. Defining a storm-attribute climatology
The TITAN algorithm (Dixon and Wiener 1993) , which is an integral part of the WSMR ANC system (see section 2e), was utilized to process Holloman Air Force Base WSR-88D reflectivity data from nine summers (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) . Only data from June through August were used for each year, because of the importance of CG lightning to range safety and the fact that 80% of the CG lightning occurs during this period of the year (see Fig. 2a ). For the present climatological analyses, a storm was defined as a contiguous region of radar reflectivity of 35 dBZ or greater, with a minimum spatial extent of 6 km 2 . The native polar radar data were interpolated onto a Cartesian grid with a 1-km horizontal and vertical grid increment. Only radar data at 4.5 km MSL and above were used as input to the TITAN algorithm, to minimize the potential effects of radar beam blockage and ground clutter that may cause significant problems in areas of elevated terrain. Because of this precaution, beam blockage was not found to be a significant issue within the boundaries of WSMR. Another potential caveat of using radar-derived information relates to a low bias in storm echo-top statistics, as pointed out by Maddox et al. (1999) . This problem exists because radar does not detect the actual (visual) storm top, and also because the maximum scan elevation angle may not be large enough for the radar to capture the echo top, depending on a storm's position relative to the radar installation. The implication for the present study is that the reported storm-top histograms are likely underestimating the height of the actual storm tops. Based on our 9 yr of radar data (approximately 112 000 radar volume scans), TITAN identified more than 162 000 "storms." Radar outages (scheduled and others), communication-line losses, and downtime associated with ANC system upgrades caused a substantial amount of radar data not to be recorded. Nonetheless, there was no significant diurnal variation in the data availability, so our analysis should yield a representative climatological depiction of thunderstorm characteristics at WSMR.
b. The WSMR convective-storm climatology
For each of the storms, TITAN computed a number of storm attributes, including storm duration (Fig. 6) , size (Fig. 7) , speed (Fig. 8) , maximum reflectivity (Fig.  9) , and storm-top height (Fig. 10) . These figures highlight the fact that thunderstorms at WSMR tend to be small and short lived, which is a reflection of the general lack of large-scale synoptic forcing during the summer months. Figure 6 shows that 76% of the storms have lifetimes of less than 30 min, with 32% of them being identified by only two successive radar volume scans (i.e., they have lifetimes of less than 12 min). This is very similar to the results of the northeastern Colorado single-cell storm analysis performed by Henry (1993) , who found that 83% of the storms lasted less than 30 min. However, for storms that underwent mergers or splits (i.e., complex storms), Henry found that 88% lived longer than 30 min, with 47% living longer than an hour. A distinction between single-cell and complex storms is not examined in the analysis presented here because the great majority of storms were of the single-cell variety. The average storm duration is 27 min, which is similar to the findings of Battan (1953) and Foote and Mohr (1979) who computed average lifetimes for individual convective cells of 23 and 21 min, respectively. Additionally, the WSMR storms tend to be small, with 67% of them having areas of less than 25 km 2 (Fig. 7) , and they are slow moving, with nearly 80% exhibiting speeds of less than 4 m s Ϫ1 (Fig. 8 ). These storms must experience significant thermodynamic and/or orographic forcing to generate the observed intensities; that is, Fig. 9 reveals that roughly 80% of the storms achieve maximum reflectivities in excess of 40 dBZ, and the vertical extent of the 35-dBZ echo volume reaches to at least an altitude of 6 km MSL for about 80% of the storms (Fig. 10) . At WSMR, according to the range's reference atmosphere, a height of 6 km MSL typically corresponds to a temperature of between Ϫ10°and Ϫ5°C for the months of JuneAugust, which indicates that the great majority of storms there are capable of producing CG lightning (e.g., Hondl and Eilts 1994; Gremillion and Orville 1999) .
Making use of the same TITAN-produced storm database, spatial distributions (i.e., maps) of the probability of storm occurrence as a function of the time of day can be compiled. Such products climatologically summarize the local evolution of storms throughout the diurnal cycle, which in turn can be used to make longrange plans for where and when to schedule tests in order to minimize the possible impact of thunderstorms. Figure 11 illustrates the climatological location of thunderstorms as a function of the time of day, showing the percentage of radar volumes (available at 5-6-min intervals) during the summer months of JuneAugust 1998-2006 that exhibited reflectivities of 35 dBZ or more during the specified hour of the day. This analysis was performed on a spatial grid with a 1-km grid increment. The color shading indicates the probability of a storm occurring at a specific location (i.e., pixel) during a particular hour. The choice of a 35-dBZ threshold is related to the fact that lightning activity is closely correlated with higher reflectivity values (e.g., Reap 1986; Reap and MacGorman 1989; Toracinta et al. 1996) . Reap and MacGorman (1989) , for example, found that lightning activity drops off rapidly below a video integrator processor level 3, which corresponds roughly to 38 dBZ. Six selected time windows are shown during the local afternoon and evening. Before noon (not shown), the climatology shows the WSMR (i.e., the area within the straight orange lines) to be virtually free of thunderstorms, which is consistent with the observed low lightning activity during the morning hours, as indicated in Fig. 2b . Storms typically begin to form after 1100 local time (LT) over the higher Sacramento Mountains to the east of the range, with the activity rapidly reaching its peak around 1200-1400 LT. The onset of storm formation over the elevated terrain in the northern part of the WSMR and over the San Andres and Organ Mountains to the west is a few hours later. By midafternoon (1400-1700 LT), storms tend to broadly occur over all of the mountains and also show up within the basin. By early evening, the entire range has a small but uniform probability of experiencing thunderstorms, primarily initiated by outflow boundaries from earlier storms over the elevated terrain. For WSMR, there appear to be two primary triggers of convective storm activity: 1) the elevated terrain that surrounds the range (e.g., Banta 1984; Toth and Johnson 1985; Schaaf et al. 1988) and 2) outflow boundaries propagating across the basin from storms that initiated over the mountains (e.g., Wilson and Schreiber 1986; Wilson and Mueller 1993) . It is interesting that the peak in the diurnal distribution of CG lightning at WSMR and in the surrounding area, shown in Fig. 2b , is the period 1600-1700 LT. This is after the probability of thunderstorms has diminished somewhat in the mountains to the east of the range, but when moderate probabilities are spread throughout a wider area over the surrounding elevated terrain and uniform weaker probabilities exist over the basin. This is likely the result of a more widespread thunderstorm activity across the entire region-thus more lightning overall-but may possibly be also related to storms over elevated terrain being somewhat less vigorous than storms developing in broad valleys, as suggested by Braham (1958) based on a study of storms around Tucson, Arizona.
The low probabilities of thunderstorms found in the present analysis, however, do not reflect the actual impact of storms on the range operations at WSMR, because operations are put on hold if there is lightning within 8 km of a test site. Moreover, safety regulations require operations to be stopped for a significant period of time to ensure that lightning has ceased. To better estimate the magnitude of the impact of thunderstorms on range operations, an additional analysis was performed in which each grid point within 8 km of the grid points having Ն35 dBZ reflectivity were included in the impact area. Also, for each of the grid points in this enlarged impact area, the duration of the impact was extended for an hour after the Ն35 dBZ reflectivity ceased in order to emulate the effect of the temporal hold on operations. Accordingly, Fig. 12 provides a much more realistic depiction of the fraction of time that range operations may have to be placed on hold as a function of location and time of day. A significant fraction of the WSMR operations can be affected by thunderstorms, particularly in the afternoon hours, with a likelihood of 15%-20%.
c. Effect of mountain-crest wind direction on the storm climatology
The analyses presented in Figs. 11 and 12 were not stratified by mean wind direction, such as was done by Schaaf et al. (1988) . The effect of the direction of the mean airflow above the mountain crests (approximately 3.5 km MSL) on the thunderstorm climatology is visualized in Figs. 13 (winds from the east), 14 (west), 15 (north), and 16 (south). The prevailing wind direction was determined using the WSMR radiosonde observations, 4 and time periods were included only when the 3.5 km MSL wind speed was 2.5 m s Ϫ1 or greater. The fractions of time during the summer months (JuneAugust) that the wind was from a particular quadrant centered on the primary compass directions are as follows: northerly, 18%; easterly, 22%; southerly, 29%; and westerly, 31%. Storm frequency maps (i.e., percent occurrences) similar to Fig. 11 were calculated for winds prevailing from each one of the four primary compass directions, and are shown in Figs. 13-16 . The basic diurnal pattern described in Fig. 11 can be seen under all four primary wind directions. However, there are some notable differences as a function of wind direction. For example, under a northerly wind regime, early afternoon thunderstorms are clearly focused on the Sacramento Mountains (e.g., Fig. 15b ), without much impact on the WSMR basin. This is the only direction for which there are high probabilities to the southwest of the range (Fig. 15d) . Southerly winds, in contrast, generate a much more widespread thunderstorm activity by midafternoon (e.g., Fig. 16c ). Easterly winds yield an early to midafternoon thunderstorm pattern (Figs. 13a-c ) that mirrors southerly flow conditions (Figs. 16a-c) -albeit with a marked reduction in probability of occurrence-while westerly winds (Figs. 14a-c) produce storms in locations similar to the northerly winds (Figs. 15a-c) . Southerly flow conditions yield the most widespread evening thunderstorm activity at WSMR (Figs. 16e and 16f) ; storms appear to dissipate earlier for the other primary wind directions (Figs. 13f,  14f , and 15f).
Studies by Crook and Tucker (2005) and Tucker and Crook (2005) provide insights into the observed variation in thunderstorm locations. Based on idealized simulations, Crook and Tucker (2005) showed that maximum uplift over heated terrain results when the flow is along the major axis of the obstacle. The enhanced thunderstorm activity over the mountains surrounding the WSMR during northerly and southerly wind directions (Figs. 15 and 16 ) is a reflection of this effect. Tucker and Crook (2005) elaborated further on this, demonstrating how variations in wind direction and speed, and atmospheric stability, may explain a large part of the variation in thunderstorm initiation locations in the Rocky Mountains. For example, slower wind speeds lead to longer exposure of air to the elevated heating, thus encouraging the development of thunderstorms. Systematic analyses of the terrain characteristics and prevailing atmospheric conditions, therefore, may provide valuable guidance for thunder- FIG. 13 . As in Fig. 11 but for periods in which the 3.5 km MSL wind direction was from an easterly direction (between 45°a nd 135°).
storm forecasting, if combined with high-resolution numerical weather prediction systems, such as the ATEC's 4DWX (Liu et al. 2008a ). Such analyses remain a topic of further study.
Summary
The WSMR is located in the Chihuahuan Desert, where large convective storm complexes are uncommon, but thunderstorms nevertheless can have a substantial impact on range operations and safety. Weather hazards that are of particular concern include thunderstorms, lightning, hail, strong winds and tornadoes, heavy rainfall, and flash flooding. Safety regulations require that all range activities, especially those involving explosives, be coordinated with the WSMR meteorology office. Forecasters provide essential weather guidance for safely conducting materiel tests and basic range operations, and for the commute of the work force to and from the range. Moreover, forecasters may assist range customers in finding appropriate windows of opportunity during generally adverse weather conditions, so that materiel tests can still be successfully conducted. Weather forecasters also use climatological information about thunderstorm activity and characteristics to help in long-range test scheduling.
The ATEC meteorologists rely upon the 4DWX modeling system as their primary forecasting tool for outlooks up to 36 h ahead, as discussed in three companion papers (Liu et al. 2008a,b; Sharman et al. 2008) . Very short-term forecasts (out to 30 min) are made utilizing the ANC system (Mueller et al. 2003) , which is a key component of the 4DWX system. The ANC decision support tool assembles and digests a wide range of observations and numerical model output in real time to generate nowcasts of thunderstorms. The ANC forecasts include extrapolation and trending for the growth and decay of existing storms, but also include an assessment of new storm initiation. This latter capability distinguishes the ANC from other nowcasting sys-FIG. 14. As in Fig. 11 but for periods in which the 3.5 km MSL wind direction was from a westerly direction (between 225°a nd 315°).
tems that primarily focus on extrapolation and trending. The ANC system makes use of two central analysis and forecast components: 1) VDRAS (Sun and Crook 2001) to map the three-dimensional boundary layer winds and thermodynamic structure and 2) TITAN (Dixon and Wiener 1993) to characterize and track storms. Both VDRAS and TITAN are integral parts of the ANC, yet can also function as stand-alone forecast systems. Besides predicting thunderstorm characteristics for the near future, the ANC at WSMR also includes a lightning-potential forecast product that forecasters use for ensuring the safety of personnel involved in materiel tests and other range operations. The ANC has assisted WSMR meteorologists for about a decade in nowcasting thunderstorms.
Climatologies of thunderstorm activity and storm characteristics have been developed specifically for the WSMR to aid forecasters in providing guidance to their range customers about scheduling materiel tests months in advance. The climatologies are based upon 9 yr of Holloman Air Force Base radar data analyses using the TITAN algorithm. The analysis shows that radar-detected convective cells with radar reflectivity of Ն35 dBZ at WSMR are 1) short lived, with 76% having lifetimes of less than 30 min; 2) small, with 67% occupying areas of less than 25 km 2 ; 3) slow moving, with 79% exhibiting speeds of less than 4 m s
Ϫ1
; 4) moderately intense, with 80% showing reflectivities in excess of 40 dBZ; and 5) deep, with 80% of the storms reaching far enough above the freezing level to be capable of generating lightning. Moreover, the radar-based climatologies reveal spatial and diurnal patterns of thunderstorm activity that provide useful guidance for scheduling materiel tests months in advance. Differences in the climatological pattern of thunderstorms for different wind directions in the free atmosphere above mountain-crest level yield insights about the storm development mechanisms, and they can also be exploited in combination with high-resolution numerical weather FIG. 15 . As in Fig. 11 but for periods in which the 3.5 km MSL wind direction was from a northerly direction (between 315°a nd 45°).
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prediction modeling to provide better guidance about the anticipated thunderstorm development later in the day, based on the predicted wind direction.
